Purpose. Human bocavirus (HBoV) exsits in four genotypes: 1 to 4, with HBoV-1 being the most prevalent genotype. The aim of the current study was to genetically analyze the full-length genome of the HBoV-1 of recently detected Egyptian strains.
INTRODUCTION
Human bocavirus (HBoV) is a ssDNA parvovirus related to genus Bocaparvovirus of the Parvoviridae family [1] . The viral DNA is packed in a nonenveloped icosahedral capsid with a diameter of about 25 nm [2] . The viral genome consists of an average size of 5309 nucleotides and harbours three ORFs. The first ORF, at the 5¢ end, encodes nonstructural proteins NS1, NS1-70 (an isoform of the NS1), NS2, NS3 and NS4. The second ORF, unique to the genus Bocaparvovirus, encodes NP1 nonstructural protein. Meanwhile, the third ORF encodes two structural capsid proteins including VP1 and VP2, the latter nested within VP1. In addition, VP1 possesses the same amino acid sequence as the C termini of VP2 protein, except for an extra 129 amino acids at its N-terminus, commonly known as VP1 unique phospholipase-A motif (VP1u) [3] [4] [5] [6] . VP1 and VP2 bind to the surface cell receptors and are responsible for transporting the genome into the nucleus. VP2 is the major antigenic determinant [7] . A C-terminus of 432 nucleotides (144 amino acids) was found to be shared in NS1-NS4 but not in NS1-70. NS1 and NS2 are required for DNA replication. In addition, the NS1 C-terminal domain and the intron between NS1 and NP1 overlap the NP1 ORF. The nonstructural protein of the NP1, but not NS1-4, is necessary for successful expression of the capsid proteins [8] . NS1 is essential for DNA packing and replication as it possesses an original DNA binding domain, endonuclease [9] , helicase and ATPase activities [1, 10] and transactivation activities [11] . NP1 is also required for nuclear localization and efficient viral DNA replication [4, 12] . In addition, it possesses immunomodulatory functions through blocking of interferon production [13] and inducing cell arrest and apoptosis [12] .
HBoV exists in four different genotypes (HBoV-1-4) [14] [15] [16] . HBoV-1 is found worldwide and is more frequently detected in children with upper and lower respiratory tract infections [14, [17] [18] [19] . It has also been detected in children with gastrointestinal tract infections [20] , encephalitis [21] and colorectal cancer [22, 23] .
The HBoV genome is subjected to variations resulting from mutations and/or genetic recombination [24] . It is thought that chimpanzee bocavirus is the ancestor of HBoV-1, while HBoV-4 independently diverged from the great ape bocaviruses [25] . HBoV-1/HBoV-4 recombination was speculated to be the source of the emergence of HBoV-2 and HBoV-3. Meanwhile, recombination events were also detected among different HBoV types [26] [27] [28] [29] . These findings, together with the mosaic appearance of the HBoV full genome from several strains, revealed the potential role of recombination in the diversity and evolution of HBoV.
The aim of this work was to genetically characterize the complete coding sequences of three recently isolated Egyptian HBoV-1 strains.
METHODS
Viral DNA extraction Viral DNA was extracted from three archival nasolacrimal swab samples (200 µl per sample) using a viral DNA/RNA extraction kit (Koma Biotech) according to the manufacturer's protocol.
Primer design and PCR
Overlapping primer sets flanking regions of the genome that overlap to cover the entire HBoV genome were designed for PCR amplifications based on strain KU3 (JQ411251). Seven primer sets were used, the first six yielding amplicon sizes ranging from 842 to 1189 bp (Table 1) , while the seventh primer set flanked 431 bp of the 3¢ terminal portion of the HBoV genome, which was used as previously described [17] . The PCRs were performed using PCR 5Â FIREPol Master Mix Ready to Load with 7.5 mM MgCl 2 (Solis BioDyne) and 20 pmol of each primer pair. The PCR thermal profile included an initial denaturation at 95 C for 5 min. This was followed by 35 cycles of denaturation at 94 C for 30 s, annealing at 54 C for 30 s and extension at 72 C for 1.5 min. The cycles were completed by a final extension at 72 C for an additional 10 min. The same thermal profile was adopted for all the primer sets with the exception of the seventh, in which the annealing temperature was 50 C. Amplified products were subjected to gel electrophoresis using 1.5 % biotechnology grade agarose containing 0.5 µg ml À1 ethidium bromide.
Direct sequencing and gene sequence analysis PCR amplicons were purified using a gel extraction kit (Koma Biotech), and used as templates for direct sequencing. Different gene sequences were analyzed using MEGA 5.2 [30] . BLASTN searches for individual amplicon sequences were carried out using highly similar sequences (megablast) against published HBoV sequences in the GenBank databases. CLUSTALW multi-sequence and phylogenetic analysis were conducted using selected published HBoV sequences obtained from the National Center for Biotechnology Information database. Maximum Likelihood was the statistical method used for phylogenetic reconstruction based on the Tamura-Nei substitution model with uniform rates among sites and complete gap deletion. The phylogenetic trees was tested by 1000 bootstrap replicates [31] . Initial tree(s) for the heuristic search were obtained by applying the Neighbour-Joining method to a matrix of pairwise distances estimated using the Maximum Composite Likelihood approach. The analysis involved three Egyptian strains (KU557404-KU557406) in the current study and 28 nucleotide sequences selected from the GenBank database. All positions containing gaps and missing data were eliminated. Protein modelling and polymorphism prediction Modelling of VP1/2 protein from different Egyptian strains was performed using the SWISS-MODEL server. Different PDB files were exposed using the module of Molsoft Internal Coordinate Mechanics (ICM-Pro) software. This was preceded by minimization and equilibration by steric clashes caused by the addition of hydrogen atoms and alleviation of water and ions. The PolyPhen-2 (polymorphism phenotyping v2) prediction webtool (http://genetics.bwh. harvard.edu/pph2) was used to test individual amino acid substitutions on the phenotype of the protein.
Recombination analyses
Potential recombination was screened using the RDP3 package. Two hundred and twenty-two full-length genome sequences of HBoV strains were downloaded from the GenBank database. Sequences were aligned using CLUSTALW, and the alignment was tested using various algorithms implemented in the RDP3 package [32] .
RESULTS AND DISCUSSION
The designed primers were found to be specific and were conserved for HBoV-1 strains available in the National Center for Biotechnology Information database. Applications of overlapping primer sets across HBoV on three HBoV-1 strains recently isolated were successful for both amplification and direct sequencing for the seven primer sets (Fig. 1a) . The overlapping regions from different amplified amplicons were handled carefully to assemble whole sequences. A single-base mismatch was observed in some overlapping regions. This could be related to the fact that samples with high viral titer can show some variation within a host population. A single sequence was generated depending on the genetic distance (no greater than 2 %) and the nucleotide differences (distributed throughout the overlapping region). A total of 5298 nucleotides were obtained, representing the full-length HBoV-1 genome. The seven overlapping primers successfully amplified the HBoV-1 genome, with the first six primer sets detecting !10 6 copies ml À1 and the seventh detecting !10 3 copies ml
À1
. It is apt to mention that a previous study also used overlapping primers for amplifying the full-length genome of HBoV [33] .
The complete genome of three HBoV-1 strains from three cases of respiratory tract infection, named Eg/BSU-1, Eg/ BSU-2 and Eg/BSU-3, was sequenced. The NS1 gene extends from nt 252 to nt 2171. A C-terminus of 432 nucleotides (144 amino acids) was found to be shared in NS1-NS4 but not NS1-70 NS1. NS2 extends from 252 to 1115, then 2043 to 2668. NS3 extends from 1074 to 2668; NS4 extends from 1074 to 1115, then 2043 to 2668; while NS1-70 extends from 252 to 2168. The NS1 C-terminal domain and the intron between NS1 and NP1 (2172-2408 nucleotides) overlap the NP1 ORF. The NP1 gene extends from nt 2409 and to nt 3068. The VP1 gene extends from nt 3055 and to nt 5070. VP2 extends from nt 3442 and to nt 5070 (Fig. 1b) .
HBoV-1 showed the least genetic variation (1-2 %) between different strains in comparison to HBoV-2 (5-7 %), HBoV-3 (2-3 %) and HBoV-4 (2-4 %) (data not shown); however, minor lineages of HBoV-1 were detected in the HBoV-1 strains. HBoV-1 was found to contain at least three main lineages and three sublineages [34, 35] . Phylogenetic analysis of the whole genome and genes NS1, NP1 and VP1/2 was done. It was clearly demonstrated that HBoV-1 strains were split into three lineages: A, B and C. Lineage A was further subdivided into three sublineages: A1, A2 and A3. Lineage B included CU74 (EF203922), TW2717-06 (EU984233) and CU74W (EU262979), while lineage C included GZ9081 (JN794566) and LWK (GU338055) strains. Based on the whole-genome nucleotide sequence, Egyptian strains Eg/ BSU-2 and Eg/BSU-3 were clustered in the A1 sublineage together with the St1 strain, while Eg/BSU-1 was clustered together with the St2 strain in the A2 sublineage. On the other hand, all three Egyptian strains were clustered in the A1 sublineage based on VP1/2 nucleotide sequences. The NP1 and NS1 genes did not show similar clustering of the HBoV-1 strains. In addition, the phylogenetic tree of NS1 did not show clear discrimination of HBoV-2 and HBoV-4 strains (Fig. 2) . These findings confirm that VP1/2 genetic analysis is the most accurate method for genotyping.
Thirty-five mutations were detected in the NS1 ORF of the Eg/BSU-2 strain, while 22 were synonymous and two nonsynonymous amino acid substitutions. The amino acid substitutions were clustered mostly in two main sites: 5090 and 536-56. Eg/BSU-1 strain showed 10 mutations that resulted in only four amino acid substitutions: 384 D to N, 398 P to L, 536 Q to H and 566 Y to H. Meanwhile, Eg/ BSU-3 showed five mutations with a single amino acid substitution: 316 L to R (Fig. 3) . A previous study also showed a high mutation rate in NS1 36], which is suggested to be involved in transactivation of virus replication [5] . The impact of different mutations in NS1 on viral virulence and pathogenesis merits further investigation. Meanwhile, NP1 was conserved in all the examined Egyptian strains with only a single nonsynonymous mutation at the 87th amino acid residue.
The VP1u of Eg/BSU-2 and Eg/BSU-3 showed 17 R to K amino acid substitution; however, this substitution is not considered to affect the phospholipase A2-like activity (PLA2) of HBoV VP1u as it is thought to be neither important for binding calcium ions nor for the catalytic network of the enzymatic activity [37, 38] . Although nucleotide point mutations were detected in the VP2 of Eg/BSU-1, only a 149 A to T amino acid substitution was observed. Eg/ BSU-2 showed also mutations with only three amino acid substitutions: 17 R to K, 149 A to T and 392 N to S. Eg/ BSU-3 showed 14 mutations with five amino acid substitutions: 17 R to K, 149 A to T, 392N to I, 413 S to T and 421 S to Y (Fig. 4) . VP2 is responsible for eliciting a protective immune response [7] . Kailasan et al. [39] screened capsid epitope mapping of HBoV-1 using monoclonal antibodies. Although HBoV-1 sequences are highly conserved, increasing evidence of possible recombination exists among HBoVs [26, 28] . Screening of the Egyptian strains for possible recombination with 222 sequences from the GenBank database confirmed that Eg/BSU-3 and most of the circulating HBoV-1 strains, including Eg/BSU-1 and Eg/BSU-2, were found to be potential major parents for a HBoV-3 isolates: 46-BJ07 (HM132056.1), MC8 (GQ867666) and all other HBoV-3 strains. HBoV-3 was found to possess NS1/NP1 (nt 227-3077) from HBoV-1 (data not shown). Interestingly, although HBoV-3 was recently detected in Egypt [40] no published sequences were yet available in the GenBank database.
An intra-genotype recombination of HBoV-1 was detected in strain Eg/BSU-2, which possesses 154-2274 nucleotides originating from Eg/BSU-3 as the major parental strain (Fig. 5a-d ). Other potential major parental strains with potential influence on viral virulence include BJ372 (DQ988934), St1 (DQ000495), Eg/BSU-1 (KU557404), KU1 (FJ695472), KU2 (GQ925675), CQ474(JX434083.1) and other closely related strains ( Fig. 5a-d À6 for SisScan and 1.265Â10 À13 for 3Seq. These values show the degree of agreement among the different detection methods for recombination events. An absent P-value indicates no recombination, while a sequence with a recombination signal is characterized by the presence of P-values of 0.05 by at least three methods [32] . All stringency levels generated detection rates above 95 %, and the false positive rate was below 5 %. Recombination events in HBoV-1 strains were previously reported with a breakpoint in NS1 [35] , NS1, VP1/ 2 [41] and VP1/2 [34] . Recombination is an important mechanism of viral evolution, and evidence of HBoV-1 recombination was previously reported [28, 41] .
In conclusion, the overlapping primer sets succeeded in amplifying the full length of HBoV-1 from clinical samples. Considerable amino acid variation was detected in NS1 and VP2 proteins, with a potential effect on viral multiplication and epitope configuration, respectively. Both inter-and intra-genotype recombination events were detected in the NS1 gene. The putative correlations of such genetic changes with viral virulence, and multiplication efficacy need to be investigated.
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